INTRODUCTION
Ceramics like metals when in the atomically clean state will exhibit strong bonds of adhesion. This will occur for ceramics in contact with themselves and other materials. There are a number of both bulk and surface properties of ceramics that will affect the nature and magnitude of the adhesive bond forces that develop for ceramics. With respect to surface properties these include electronic surface states, ionic species present at the surface, chemistry of the contacting material and the nature of surface contaminants present. Bulk properties include crystallography, cohesive binding energy and the presence or absence of defects.
Considerable effort has been put in fundamental studies of adhesion, friction, and wear of metals. In recent years the increasing potential for the use of ceramics as components in lubrication systems has focused attention on these materials. Adhesion, friction, and wear studies have been conducted with ceramic materials to better understand their physical and chemical properties which will effect their behavior when in contact with themselves, other ceramics, or metals.
Metals generally readily deform plastically, whereas ceramics, while having high strength, are normally brittle and fracture with little or no evidence of plastic flow. At th contact under load and relative surface layers of some ceramics. e interface between two ceramics in solid state motion, plastic flow has been observed in the The factors which influence the mechanical behavior of materials when plastic flow occurs such as crystal structure, dislocations, vacancies, and stacking faults, can therefore be expected to influence the adhesion, friction, and wear behavior of ceramics and comparisons can be made between ceramics and metals.
The presence of surface films such as adsorbates markedly influence the adhesion, friction, and wear behavior of metals and ceramics as well. Further, with ceramics and other ionic solids, the presence of surface films such as water and surface active organics can influence adhesion, friction, and wear by altering the amount of plastic deformation that will occur during sliding or rubbing.
The objectives of this paper are to review the adhesion, friction, anc wear of ceramics, anisotropic friction and wear behavior, and the effect of surface films and ceramic-metal interactions. Analogies to metals will be made where applicable. Both oxide and nonoxide ceramics will be discussed.
RESULTS AND DISCUSSIONS

Oxide Ceramics
Oxides such as aluminum oxide, titanium oxide (rutile), and magnesium oxide have been considered for tribological applications. With these materials, both structure and surface chemistry are extremely important to adhesion behavior.
Aluminum oxide. -In order to determine if friction and accordingly adhesion characteristics of sapphire (aluminum oxide) were anisotropic, experiments in vacuum were conducted with two orientations of a sapphire ball. The first orientation involved the plane (0001) and the directions [1120] and [1010] and the second the (1010) plane with sliding in the [11T0] and [0001] directions in adhesive contact and sliding against a disk of sapphire with its basal plane essentially parallel (within 4 0 ) to the interface. The results obtained in these experiments are presented in table I.
The influents of crystallographic direction for both prismatic and basal orientations are seen in table I. With the basal orientation less adhesion and a lower coefficient of friction was observed in the preferred slip direction [11T0]. This orientation dependence is similar to that observed for the hexagonal metal berryllium in reference 1.
The results of table I indicate that the adhesion and friction characteristics of sapphire are highly anisotropic. There was further, marked evidence for plastic deformation at the contacting interface of the crystals as revealed by etching of sapphire crystals after the friction experiments. The adhesion and friction behavior of sapphire in the table is very analogous to that observed with hexagonal metals in Refs. 2 and 3. With hexagonal metals in sliding friction experiments the friction coefficient was always less on preferred slip planes in preferred slip directions than for other slip systems. Similar results were obtained in this investigation. The easy glide or slip plane for sapphire is the basal plane under deformation. Further the preferred slip direction is the [1120] direction when the crystal is deformed plastically. With plastic deformation occurring at the contacting interface under an applied load it might be anticipated that the prismatic orientation of sapphire would exhibit stronger adhesion and higher coefficients of friction than the basal orientation. There are a number of prismatic planes which can slip in the deformation process while, with the basal plane oriented parallel to the sliding interface, only a single set of planes are involved.
When plastic deformation occurs at the sliding interface and a larger number of slip planes are involved, applied stresses in the form of the load may be distributed over a number of equivalent planes. With the basal plane parallel to the sliding interface, any applied normal load can only tend to compress basal planes and even with metals such as beryllium, this orientation will support tremendous loads to the point where it will literally explode with no evidence of slip occurring on other slip planes. A 'larger true contact area can then occur in the sliding process with prismatic than with the basal orientation. Further, when a number of prismatic planes undergo slip, there exists the possible interaction of such slip planes to produce locks similar to the Lomer-Cottrell locks observed in the face centered cubic metals. Such locks can produce marked increases in shear strength.
With sapphire the yield point for the prismatic orientation is different than that for the basal orientation. For the latter orientation the yield stress is ten times less at elevated temperatures (ref. 4).
The shear strength for sapphire calculated from adhesion and friction measurements of this investigation together with bulk shear strength data obtained from reference 4 are presented in table II. The surface shear strength is from 20 and 30 times that of the bulk shear strength. Similar results have been observed with a number of inorganic crystals in reference 5. A possible explanation for this increase may be that indicated in reference 4. Microscopic plastic deformation occurring at tFe sliding interface permits relief of stresses in the sapphire resulting in an increase in shear strength.
When hard oxide ceramics are in solid-state contact with softer materials such as metals the marked difference in elastic and plastic deformation of the two materials can result in p lowing of the softer material. This, then can contribute to the wear of one or both materials. In figure 1 a rider (hemisphere) of sapphire slid on a single crystal flat of copper. The specimen materials were then reversed so that a single crystal copper rider slid on a sapphire flat. The coefficient of friction for the sapphire sliding on copper was 1.5. With copper sliding on sapphire, it was 0.2. In both instances, adhesion of copper to sapphire occurred. The difference in friction coefficient for the two experiments is due to the effects of plowing (ref. 6).
In both experiments the sapphire underwent wear as indicated in the photomicrographs of figure 1. The wear on the sapphire flat was occasioned by fracture along (0001) planes and subsurface and parallel to the sliding interface. When metals contact hard oxide ceramics, surface chemistry plays a very important role in the observed friction and wear behavior. Various vm etals were slid on a flat of sapphire with the basal orientation in the sapphire parallel to the sliding interface. With the metals which form stable oxides such as copper, nickel, rhenium, cobalt, and beryllium, adhesion of the metal occurred to the oxygen ions in the outermost atomic layer of the sapphire. The manner of bonding is shown in figure 2.
When the same sliding experiments are conducted with metals that do not form stable oxides in vacuum (gold and silver) strong chemical bonding does not occur at the interface, adhesion 1s weak, and wear to the hard oxide ceramic 1s absent. This is demonstrated in the data of figure 3 for gold and silver sliding on the basal orientation of sapphire. J
The photomicrographs of figure 3 indicate an absence of any wear to the sapphire such as observed in figure 1 with copper. The only surface markings in figure 3 were polishing scratches. The coefficients of friction for gold and silver sliding on sapphire were also one-half in figure 3 of that observed with copper sliding on sapphire in figure 1. In figure 1 fracture occurs in the sapphire because in the interfacial metal to the sapphire bond strength is greater than the cleavage or fracture strength in the sapphire and accordingly sapphire wear occurs. With gold and silver in figure 3, the weakest region is the interface and simple shear takes place here with bond strength no stronger than found with lubricant molecules as evidenced by the friction coefficient i of 0.1 which is comparable to that experienced with effective boundary lubrication.
Experiments subsequent to those of reference 6 confirmed a chemical bond between metals and the oxygen ions indicated in figure 2 (ref. 7) . The shear strength of the metal to sapphire contact were correlated with the free energy of formation of the metal oxide in reference 7. The primary interaction at the metal-sapphire interface, as revealed by the studies occurs between the metal d orbitals and otherwise nonbonding p orbitals of the oxygen ions at the surface of the sapphire crystal, i.e., the nonbonding p orbitals at the top of the valence band. It will be noticed in figure 4 that the d-orbital energies of the isolated metal atoms, as determined by this method, are in close proximity to the sapphire valence band, and the position of the atomic level relative to the top of the valence band changes systematically through the series Fe, Ni, Cu, and Ag. The metal-sapphire contact interaction produces at the interface manifolds of spatially localized occupied metal (d)-oxygen(p) bonding molecular orbitals of energies near the bottom of the sapphire valence band and metal(d)-oxygen(p) antibonding molecular orbitals of energies near the top of the sapphire valence band, as exemplified for Fe by the bonding and antibonding orbital wave-function contour maps in figure 5(a) and (b), respectively. For Fe and Ni, the antibonding orbitals are only partially occupied and are located well above the valence band within the band gap, as shown In figure 4 . For example, the antibonding Fe(d)-0(p) orbital mapped in figure 5(b) is unoccupied. For Cu and Ag, the antibonding orbitals are fully occupied and are located close to the top of the valence band. In addition to this covalent bonding and antibonding interactions between the metal and sapphire substrate, there is an ionic component associated with metal-to-oxygen charge transfer at the metal-sapphire interface. These results on covalent and ionic interactions indicate that a chemical bond is in fact established between metal atoms and the oxygen anions on the sapphire surface, and that the ionic component of bonding is proportional to the metal(d) and oxygen(p) orbital electronegativity difference.
Relative to the strength of this bond, it is well known from the most elementary principles of quantum chemistry that the occupation of antibonding molecular orbitals tends to cancel the effects of occupied bonding orbitals, and reduces the net chemical bond strength in comparison to the situation where only bonding orbitals are occupied. Therefore, the increase in occupancy of the metal-sapphire antibonding orbitals through the series Fe, Ni, Cu, and Ag should tend to lower the net metal-sapphire chemical bond strength, which correlates with the significant reduction in metal-sapphire contact strength measured in adhesion, friction and wear experiments. The decrease of the friction coefficient from 0.2 for Cu to 0.1 for Au or Ag is explained qualitatively by the combined effects of increasing antibonding orbital occupancy and decreasing metal-to-oxygen charge transfer. The relatively small friction coefficients and shear strengths of Au (0.1) and Ag (0.1) are consistent with the fact that the fully occupied antibonding orbitals shown in figure A essentially cancel the covalent contributions of the bonding orbitals, leaving only small residual ionic and van der Waals contributions.
Similar studies should be conducted on other oxide ceramics to determine if a general relationship between interfacial bonding and fracture can be developed. This could lead to a better understanding of friction and wear.
Ferrites. -With oxide ceramic materials such as Mn-Zn and Ni-Zn ferrites adsorbates are present on the surface from the environment, and these include water vapor and carbon. With metals, in addition to the presence of adsorbate files, beneath this layer of adsorbate is generally a layer of metal oxide.
The adsorbates play a very large role in adhesion, mechanical and chemical behavior of the ferrite ceramic surfaces in tribological systems. Experiments carried out in two environments, vacuum and argon at atmospheric pressure indicate the effects of adsorbate and environment on adhesion and friction properties. The removal of adsorbed films from the surfaces results in very strong interfacial adhesion and high friction.
The data obtained from the experiments in vacuum are to be anticipated from chemical interactions and the important role they play in the adhesion and friction of clean ferrite-to-metal couples. The behavior is analogous to that observed for aluminum oxide.
The coefficients of friction reflecting interfacial adhesion for various metals sliding on ferrites in argon atmosphere were all nearly 0.1 to 0.2. The chemical activity or inactivity of metal does not appear to play a role as to adhesion and friction in argon as the argon is only physically adsorbed. A prerequisite for this sameness in friction is that the metals form a stable metal oxide, and the environment is responsible for providing the adsorbates on the surface.
Sim111ar experiments with ferrites contacting polymeric magnetic type indicate that adsorbed nitrogen will appreciably reduce adhesion and accordingly friction. Oxygen conversely increases adhesion and friction.
The adhesion and accordingly coefficients of trlction for polycrystalline Ni-Zn and Mn-Zn ferrites in contact with metals can be correlated with the free energy of formation of the lowest metal oxides, as shown in figure 6 . The correlation shown in figure 6 clearly Indicates that the metal-ferrite adhesive bond at the interface is primarily a chemical bond between the metal atoms and the large oxygen anions in the ferrite surface, and the strength of this bond is related to oxygen to metal bond strength in the metal oxide (ref. 9).
All metals indicated in figure 6 adhered and transferred to the surface of the ferrites. In general the less active the metal, the less adhesion and transfer there 1s to the ferrite. Titanium, having a much stronger chemical affinity to the elements of the ferrite, exhibited the greatest amount of transfer (ref. 10).
The relative chemical activity of the transition metals (metals with partially filled d shells) as a group can be ascertained from their percentage d-bond character, as established by Pauling (ref. 11) . The frictional properties of metal-metal and metal-nonmetal contacts have been shown to be related to this character (refs. 12 to 15). The greater the percentage of d-bond character, the less active is the metal, and the lower is the adhesion and friction. Conversely, the more active the metal, the greater 1s the adhesion.
The coefficients of friction for various metals in contact with Ni-Zn ferrites are replotted with solid symbols in figure 7 as a function of the d-bond character of the transition metal. Titanium, which is a chemically active metal, exhibits a considerably higher coefficient of friction in contact with ferrite than does rhodium, which is a metal of lesser activity. Figure 7 also presents the coefficient of friction for various metals in contact with the ferrites, in which both metal and ferrite specimens were exposed to 0 2 gas (99.99 percent pure). The data reveal increase in adhesion and the coefficients of friction for Ni-Zn ferrite-to-metal interface.
NONOXIDE CERAMICS
The high strength and excellent oxidation and creep resistance of nonoxide ceramics such as silicon carbide make them extremely important materials for high-temperature mechanical and electronic applications in severe environments. Materials such as silicon carbide are used for example, in stable hightemperature semiconductors, in gas turbine blades, in turbine ceramic seals, and as an abrasive for grinding (refs. 16 and 17) .
Much like oxide ceramics the nonoxide ceramics exhibit anisotropic behavior in many of their mechanical properties. Friction and wear behavior of nonoxide ceramics are also anisotropic under both adhesive and abrasive conditions. Silicon Carbide. -Anisotropy results can be of two kinds is the observed variation of friction and wear when the sl . First, there changed from one crystal plane to another for a given materia l,. " secondly, there is the variation of friction and wear observed when the orientation of sliding surface is changed with respect to a specific crystallographic direction on a given crystal plane as reported for aluminum oxide in table I. For example, the differences in coefficients of friction with respect to the mating crystallographic planes and directions are significant under adhesive conditions as was indicated for sapphire in table I. The data of table I were obtained in vacuum with clean aluminum oxide. The lowest coefficients of friction were obtained for aluminum oxide in table I on the preferred slip plane when sliding in the preferred slip direction. similar results have been obtained with silicon carbide. Their anlsotropic friction is shown in table III. Again, the lowest coefficients of friction with silicon carbide were obtained on the preferred basal slip plane when sliding in the preferred <1120> slip direction. The coefficient of friction reflects the force required to shear at the interface with the basal planes of the silicon carbide parallel to the interface. The results presented in table III indicate that the force to resist the shearing fracture of the adhesion bond at the interface is dower in the preferred crystallographic <1120> direction than it 1s in the <1010> direction.
Under abrasion dust as under adhesive conditions the differences in the coefficients of friction and wear with respect to the crystallographic plane and direction were also significant. In this case, plowing was extremely important and influenced the friction and wear when ceramics contacted hard materials. With silicon carbide the <1010> directions on the basal (0001) plane exhibited the lowest coefficient of friction and the greatest resistance to abrasion resulting from plastic deformation, as indicated in table IV. The anisotropic friction and wear on the (0001), (1010), and (11201 planes of silicon carbide were primarily controlled by the slip system (1010) <1120> and were explained by a resolved shear stress calculation (ref. 18 ).
With ceramic materials adsorbates are present on the surface from the environment, as already mentioned. The adsorbates play a very large role in mechanical and chemical behavior of silicon carbide surfaces in tribological systems.
Typical friction results of silicon carbide surfaces in contact with iron as a function of sliding temperatures are indicated in figure B . The iron was argon-ion-sputter cleaned before the friction experiments in order to remove adsorbed films and oxides on the iron. The silicon carbide flat specimen was as-received. Figure 8 indicates the coefficients of friction of the silicon carbide surface in contact with iron as a function of sliding temperatures. The iron rider was sputter-cleaned with argon ions. At temperatures below 400 °C, after the specimen was heated to the sliding temperature, the coefficient of friction increased slightly with further increases in temperature. The coefficient of friction remained relatively unchanged with increasing temperature in range 400 to 800 °C. The general increase in friction at these temperatures (400 to 800 °C) was due to the removal of the contaminants carbon and oxygen from the surface. The increase in friction at these temperatures was associated with increased adhesion and plastic flow in the area of contact. Above 800 °C the coefficient of friction decreased rapidly with an increase of temperature. The rapid decrease in friction above 800 °C correlated with the graphitization of the silicon carbide surface. Figure 9 presents the surface chemistry of silicon carbide analyzed by XPS. The as-received crystal was heated at various temperatures in a vacuum. The Si j p photoelectron peak energies are associated with silicon carbide at various emperatures. The photoelectron lines for CI S of the silicon carbide surface are split asymmetrically into double energy peaks. The results show a significant influence of temperature on the SIC surface. The double energy peaks are due to distinguishable kinds of carbon: (1) a carbon contamination peak and a carbide peak at room temperature, and (2) the graphite and the carbide peaks at temperature form 400 to 1500 °C.
At room temperature and 250 °C, the primary peaks were the adsorbed amorphous carbon contamination and carbide. For specimen heated to 400 °C the carbon contamination peak disappears from the spectrum. Above 400 °C both the peak heights of graphite and the carbide are increased with an increase of heating temperature. A large carbide peak was distinguished at 800 °C. At 900 °C the carbide peak height was smaller than that at 800 °C, but the graphite peak height was larger. At 1000 °C the height of the carbide peak decreased and became smaller than that of the graphite. At 1500 °C the height of carbide peak became very small, but a very large graphite peak was observed.
The results indicate that temperature affects significantly the surface chemistry and the surface of silicon carbide graphitizes. A depth profile into the surface layers for elements present in silicon carbide surface preheated at 1500 °C was obtained as a function of sputtering time and is presented in figure 10 . The graphite peak decreases rapidly in the first 30 min of sputtering, and thereafter it gradually decreases with an increase in the sputtering time to about 18 hr. After 18 hr the graphite peak does not change much with sputtering time. On the other hand, the silicon and carbide-carbon peaks increase gradually with increasing sputtering time to 20 hr.
E111psometeric measurements have been conducted with two different (0001) faces of the silicon carbide crystals, one which consisted of silicon atoms (0001) and the other which consisted of carbon atoms (0001) at temperatures above 1200 °C. In 1 hr of heating at 1300 °C the layer, which consists of carbon (graphite), on the C-face grows to about 100 nm, whereas the layer on the S1-face did not grow thicker than 10 nm even with longer heating.
The silicon carbide (0001) surfaces used in this investigation consisted of both silicon atoms and carbon atoms because etching silicon carbide surface in molten salt 1NaF + 2KCO 3 gives both a smooth surface for the Siface and a rough one for the C-face. The apparent thickness of the layer, which consists of graphite at the surface and is produced by heating above 1200 °C for 1 hr, is about 100 nm (1000 A), and it is equivalent to a depth of a layer sputter etched for about 18 hr shown in figure 10 .
The low friction and wear at the high temperatures appears to correlate with the graphitization of the silicon carbide surface. The coefficients of friction on this surface at the high temperatures are nearly the same as those on pyrolytic graphite in sliding contact with single-crystal iron in the vacuum of 10 nPa.
The removal of adsorbed films (usually water vapor, carbon monoxide, carbon dioxide, and oxide layers) from the surfaces of ceramics and metals results in very strong interfacial adhesion when two such solids are brought into contact. For example, when an atomically clean silicon carbide surface is brought into contact with a clean metal surface, the adhesive bonds formed at the silicon carbide-to-metal interface are sufficiently strong that fracture of cohesive bonds in the metal and tran l ;'Yr of metal to the silicon carbide surface results. This is observed in the scanning electron microscope. Figure 11 presents scanning electron photomicrographs of the wear tracks generated by 10 passes of rhodium and titanium riders on the S1C (0001) surface along the [1010] direction. Metal transfer is evident in the sliding contact. The sliding of a metal on a silicon carbide surface also results in local cracks along cleavage planes. The cracks, which are observed in the wear tracks, primarily propagate along cleavage planes of the (1010) orientation. In figure 11(a) , the hexagonal light area is the begi-nning of a wear track, and there is a large crack where cracks primarily along the (1010) planes were generated, propagated, and then intersected during loading and sliding of the rhodium rider on the S1C surface. It is postulated from figure 11 (a) that subsurface cleavage cracking of the (0001) planes, which are parallel to the sliding surface, also occurs. Figure 11 (b) reveals a hexagonal pit and a copious amount of thin titanium film around the pit.
The relative chemical activity of the transition metals (metals with partially filled d shells) as a group can be ascertained from their percentage d-bond character, as established by Pauling (ref. 11) . The frictional properties of metal-ceramic (such as BN, SIC, and ferrates) contacts have been shown to be related to this character by the present authors. The greater the percentage of d-bond character, the less active is the metal, and the lower is the friction. Conversely, the more active the metal, the higher is the coefficient of friction. This is demonstrated in figure 12 . The coefficients of friction for some transition metals (Ti, Zr, V, Co, Pt, Ni, Fe, Cr, Re, Rh, and W) in contact with the silicon carbide surface decreases with an increase in d-bond character. Titanium and zirconium, which are chemically very active, exhibited very strong interfacial adhesive bonding to the silicon carbide. In contrast, rhodium and rhenium, which have a very high percentage of d-bond character, have relatively low coefficients of friction.
All the transition metals examined failed either in tension or in shear and transferred to the surfaces of silicon carbide, because the interfacial bonds are generally stronger than the cohesive bonds in the metals. In ott words the weakest bond in the interfacial region was the metal bond. There fore, friction properties should correlate with the tensile and shear properties of these metals as well.
There appeared to be a general correlation between the coefficient of friction and the theoretical shear strength of metals, as indicated typical with solid symbols in figure 12 . The higher the shear strength, the lower friction. The morphology of metal transfer to the ceramic material reveale that much more transfer occurred with the metals that have low strength and low percent d-bond character than with those having higher values.
ADSORBED FILMS
Ceramics like metals are influenced in their tribological behavior by the presence of environmental adsorbates on their solid surfaces. One of the adsorbates present in ordinary air which has a pronounced effect is water. The effect of water vapor on the friction behavior of aluminum oxide is demonstrated, by way of example, in the data of figure 13 .
The coefficient of friction is plotted as a function of load in figure 13 for the basal plane of sapphire sliding on itself in air and vacuum. When the specimens are initially placed in vacuum the coefficient of friction is nearly the same as that seen in figure 13 for experiments in aii at various loads. The sapphire specimens were then outgassed by electron gas heating. After outgassing the friction coefficients rose to the high values seen in figure 13 .
Monitoring of the gases emitted from the aluminum oxide surface while heating revealed the emission of water from the surface. From mass spectrometer data obtained it was therefore concluded that the friction differences seen in figure 13 was due essentially to the presence of absorbed water vapor on the sapphire surface.
LUBRICATION
Lubrication is extremely important to ceramic materials in tribological systems. Not only are adhesion and friction of ceramic materials reduced by the presence of lubricants, but also brittle fracture during sliding, which is one of the main limitations to a wider use of ceramic material-, in tribological applications. Figure 14 presents scanning electron photomicrographs of wear tracks for Mn-Zn ferrite oxide ceramic in sliding contact with a hemispherical (100 umradlus) diamond rider in dry and under lubricated conditions. The lubricant was an olive oil, which is commonly used in fine lapping processes of ceramic materials and semiconductors. As shown in the photomicrographs, the fracture behavior of the oxide ceramic is very dependent'on the lubricant. Cracks generate much more easily in the dry condition than with lubrication.
The tangential force introduced by sliding plays an important role in the generation of surface fracture. The critical load to fracture in dry sliding was one-half of that observed with static indentation. However, under lubricated conditions the critical load to fracture was two times greater than that in dry sliding.
CONCLUDING REMARKS
Based upon fundamental studies conducted with both oxide and nonoxide ceramics the following remarks can be made. Ceramics like metals will deform elastically in the interfacial region between two solids In contact under load. Unlike metals, however, when the elastic limit is'exceeded gross fracture, as well as, plastic deformation can occur. With tangential motion the forces necessary to initiate brittle fracture in the ceramic is markedly less than that associated with normal loading.
The friction and wear characteristics of ceramics, again like metals, are anisotropic as reported herein for aluminum oxide and silicon carbide. In general the lowest coefficient of friction 1s observed when sliding on the preferred slip plane In the preferred slip direction on that plane. Adhesive wear behaves with respect to orientation as does friction. Likewise the high atomic density, most resistant to deformation atomic planes exhibited the greatest resistance to abrasive wear.
Heating of a ceramic such as silicon carbide to high temperatures can result in the graphitization of the ceramic surface with the graphite functioning to reduce abrasion and friction. A lubricating film is therefore provided from the material itself.
Studies with hard oxide ceramics such as aluminum oxide indicate the importance surface atomic bonding mechanisms have both to the wear of the ceramic and ceramic to contact with a metal. With metals contacting the oxide a consideration of molecular-orbital energies and the resulting chemical bonds provide insight into adhesion and adhesive transfer.
With the ferrites contacting metals friction can be related to the free energy of formation of the metals lowest oxide. Friction can also be related to the metal bond character.
Lubrication of ceramic materials generally reduces wear. In a strict sense evon adsorbed hydrogen monolayers are lubricants for such surfaces as aluminum oxide and its pressure influences friction. Lubrication of ceramic surfaces increases the critical load to initiate fracture of ceramics, under sliding or rubbing. 
